Abstract: The scattering angle, the Haze ratio, and the field polarization factor of the frequency-doubled Nd:YAG laser nonlinearly scattered from the semiconductor nanorod surface are investigated. Both the scattering angle and the reflected Haze ratio of the laser beam reflected from Si nanorod surface present a nonlinearly increasing trend with nanorod length. As the nanorod lengthens from 190 to 2760 nm, the scattering angle broadens from 2.5 to 25 and from 2.5 to 24 . Concurrently, the reflected Haze ratio increases from 5% to 22% and 3% to 21% under TE and TM-mode incidences, respectively. A significant polarization scrambling transfers the linearly polarization into an elliptical polarization, and the field polarization factor increases from 0.54 to 0.86 and from 0.42 to 0.84 under TE-and TM-mode incidences with an enlarging nanorod length from 190 to 2760 nm. The reflected Haze ratio is linearly proportional with the broadened scattering angle. However, the field polarization factor shows a gradually saturating effect at larger scattering angle. The theoretical calculation is used to quantitatively analyze the polarization scrambling effect, which demonstrates that the scattered wave nonlinearly depends on the surface corrugation and can be expressed by the second-order function of the surface corrugation strength. The strong correlations of the TE-mode scattering with the nanorod length and the TM-mode scattering with the laser incident angle are observed. The polarization of the reflected laser beam eventually transfers from a linear to an elliptical one with a nanorod length exceeding over 1 m.
Introduction
Nanoroughened structures have been considered to serve as an antireflective coating in the application of photovoltaic cells. Moreover, similar structures have also emerged to enhance the scattering and the Haze ratio on semiconductor surface to improve its photon absorption and optoelectronic conversion efficiency for energy transferring applications [1] - [5] . The low-dimensional nanorod surface with high aspect ratio and reduced refractive index is particularly interesting since it causes ultralow surface reflectance, unusual quantum confinement effect, optical emission extraction, and optical polarization, etc. [6] , [7] . To approach the surface roughening, Morales and Lieber have employed the laser ablation-induced cluster formation and vapor-liquid-solid based chemical vapor deposition (VLS-CVD) technique to prepare uniformly distributed 30-m-long single-crystal Si and Ge nanowires with diameters of 6-20 and 3-9 nm, respectively [8] . Yang et al. demonstrated a directly colloid seeding VLS-CVD to grow vertically aligned single-crystalline Si nanowires with precisely controlled dimensions and spacing [9] . Peng et al. presented the aligned Si nanowire by etching the Si substrate with metal-particle mask [10] , and several alternatives for Si nanorod formation were reported [11] - [13] .
It was previously known that the polarized light could suffer from a multiple scattering in the inhomogeneous materials to cause polarization scrambling phenomenon which significantly impacts the spectroscopic and imaging performance [14] , [15] . Mitzner has formulated the influence with simple surface scattering to explain the scattered light polarization scrambling from the roughened surface [16] . Renau et al. analyzed the correlation between surface backscattering and polarization scrambling [17] , and some fundamentals have been realized via the modeling of the randomly scattered field with the variation of surface roughness [18] , [19] . Other observations, such as the localized blur or obscured spot of visible light reflected from the nanoroughened surface obtained by using concentrated aqueous suspensions of the submicron polystyrene spheres, were also reported by Wolf and Maret [20] . The nanoroughened surface scattering-induced Haze and polarization scrambling enhancement play an important role in improving the photovoltaic cell efficiency. However, the corresponding theory or model has yet to be completely realized up to now.
In this paper, we investigate the scattering angle, the Haze ratio, and the field polarization factor of the frequency-doubled Nd:YAG laser nonlinearly scattered from the semiconductor nanorod surface, and a new small-perturbation field scattering model is established to quantitatively analyze the nanorod length dependency to the aforementioned phenomena. The enlarged Haze ratio and the field polarization factor of a linearly polarized laser nonlinearly scattered from the Si nanorod surface are characterized to realize the correlation between nanorod length and nonlinear field scattering. With small-signal perturbation, a modified field scattering model is established to simulate the nanorod length dependent laser beam blur, the maximum scattering angle, the Haze ratio, and the field polarization factor.
Experimental Setup

Preparation of Si Nanorods
In experiment, the large-area vertically aligned Si nanorods on (100)-oriented p-type Si wafer were obtained by wet-etching the Si wafer in aqueous HF/AgNO 3 solution with assistant nanoparticle metallic catalytic [10] . During the process, the Ag atoms were self-assembled into nanoparticles at the etching pores randomly allocated on the Si surface. Lengthening the etching time dissolves these pores deeply to form Si nanorods. Afterwards, the HNO 3 aqueous solution was employed to peel off the thick silver film wrapped around Si nanorods after the etching process. Fig. 1 illustrates the morphology of Si nanorod and plots its length and diameter as a function of etching time. Five samples were prepared by lengthening the etching duration in aqueous solution with the same concentration. The length of Si nanorods increases from 190 to 2760 nm with their diameters concurrently broadened from 42 to 51 nm as the etching time lengthens from 2 to 20 min.
Scattering Angle and Field Polarization Ratio Analyses
An incident light would suffer multiple scattering and spread the spot size from the Si nanorod roughened surface. In this case, the significant laser beam divergence occurs after it reflects from the Si nanorod roughened surface. Fig. 2(a) demonstrates the schematic diagram of reflected beam divergence. To investigate the effect of Si nanorod length on the surface nonlinear scattering, the divergent angle of the frequency-doubled Nd:YAG laser beam reflected from the Si nanorod samples, and the flat Si wafer under TE and TM-mode incidences were determined by using an experimental setup shown in Fig. 2(b) . A continuous-wave laser with an optical power of 10 mW and passing through a linear polarizer is utilized to form the TE-and TM-mode incidences. The incident angle is 20 , and the distance between sample and power meter is 7 cm. An iris with a constant diameter of 250 m was set in front of the power meter to spatially resolve the scattered beam power distribution. The nonlinearly scattered laser power as a function of the rotating angle is plotted by consecutively scanning the power meter related to the reflected beam axis. After determining the degree of multiple scattering induced by the roughened surface, Fig. 3 demonstrates the field polarization factor measurement for the nonlinearly scattered laser reflected from the Si nanorod samples and the Si wafer with the same laser source under TE and TM-mode incidences at incident angle of 20 . An analyzer was inserted in front of the power meter to measure the polarization degree of the scattered laser beam. The field polarization factor of the nonlinearly scattered beam from the sample was detected by detuning the axis deviation between the polarizer and the analyzer from parallel to orthogonal.
Modeling the Field Polarization Factor of Nonlinear Scattered Laser Beam
To investigate the laser beam polarization scrambling induced by nonlinear scattering from the nanoroughened surface, we assume that a linearly polarized field with its wave vectork i ¼ ðK x ; K y ; Àq iz Þ andK ¼ ðK x ; K y ; 0Þ is incident on the sample surface (see Fig. 2 ), as expressed bỹ Eiðr Þ ¼ jEijexp½iðK Á r À q i zÞ withẼi ¼ ðE ix ; E iy ; E iz Þ denoting a constant field vector and r ¼ ðr x ; r y ; zÞ. The roughened Si nanorod surface is described by a surface corrugation function of z ¼ Dðr * Þ (where represents the strength of the corrugation, i.e., the maximum nanorod length). The field polarization factor of P TM=TE;TE ðr Þ under TE-mode incidence ðE iy ¼ E iz ¼ 0Þ is defined as the field ratio of the scattered TM to the TE component [18] . For a linearly polarized electromagnetic wave (considering TE-mode as an example), the field polarization factor approaches zero due to the condition of E TM=TE ðr Þ ( E TE=TE ðr Þ. The depolarization effect occurs after reflecting from the Si nanorod roughened surface and part of the field transfers to the TMmode, which would lead to an increasing E TM=TE component and a decreasing E TE=TE component. In this case, the field polarization factor is degraded due to the depolarization effect.
Assume the scattered wave with wave vector kR ¼ ðK x þ R x ; K y þ R y ; q 0 Þ is collected at the plane ofK þR, whereR ¼ ðR x ; R y ; 0Þ. With a small-perturbation, the field polarization factor in the incident plane with R x approaching zero can be expressed as a function of Z R , incidence angle, and azimuthal scattering angle [18] . By using the notations:
, and q o ¼ k o cos o , the field polarization factors under TE-and TM-mode incidences are expressed as
From (1) and (2), it is expected that the field polarization factor will be gradually enlarged with increasing Z R (Si nanorod length), and the field polarization factor is inversely proportional to the incident laser wavelength.
Results and Discussion
Nonlinear Scattering Angle of Laser Beam on Si Nanorod Surface
From our theoretical derivation, the linearly polarized laser beam could suffer a serious multiple scattering in the inhomogeneous material or on the nonuniform surface to cause a polarization randomization. In order to characterize the degree of surface roughness to the surface nonlinear scattering, the scattering angles of Si nanorod samples with different nanorod length are detected under TE and TM-mode incidences. Fig. 4 depicts the angular dependent power profiles of the laser scattered from the Si nanorod samples and from flat Si wafer. The 3-D schematic diagram is the scattered power distributions. The maximum power is located at the principle reflecting angle of the laser beam, which degrades rapidly with the angle increasing beyond 10 . The maximum scattering angle broadens from 2.5 to 25 and from 2.5 to 24 under TE and TM-mode incidences with increasing rod length from 190 to 2760 nm.
Previous works have clearly elucidated that the surface with longer Si nanorod greatly change its reflectance from constant to a depth dependent one which can be simulated with a multilayer structure [21] - [23] . Moreover, the severer light scattering process with larger laser beam divergence is also observed at longer nanorod sample. The optical wave of laser would penetrate deeper and suffer heavier multiscattering process, such that the beam divergent angle is greatly broadened (see Fig. 4 ). Such an effect is nearly polarization independent at very first characterization, providing the similar dependency of the scattering angle for TE-and TM-mode incidences with the nanorod length shown in Fig. 5 . At the same detecting angle, the scattered laser intensity almost enlarges linearly with nanorod length but revealing a gradually saturation phenomenon as the nanorod lengthening to micrometer scale. Two inset pictures in Fig. 5 demonstrate the divergence of laser beam with greatly broadening scattering angle, in which the central part of the nonlinearly scattered laser beam pattern remains a Gaussian profile with a slightly broadened beam spot size. The polarization independences on the scattered beam spot size and maximum scattering angle are concluded.
Reflected Haze Ratio of Laser Beam Nonlinearly Scattered From Nanorod Surface
For practical applications in antireflective and antiglance photonic devices, the Haze ratio (light diffusivity/total transmittance) is utilized to define the degree of laser beam scattering from the roughened surface [3] . In the reflection case, the reflected Haze ratio ðR Haze Þ is defined as light diffusivity/total reflectance. To quantitatively characterize the degree of Haze ratio from the Si nanorod surface, the angular dependent scattering power is normalized to calculate the reflected Haze ratio as follows:
! , P rod ðÞ P rod ð0Þ where P rod and P Si-wafer denote the normalized reflecting laser power integrated over the whole scattering angle.
The light diffusivity from a flat Si wafer is less as compared with that from a Si nanorod roughened surface, therefore, the difference of light power detected from the Si nanorod surface, and the Si wafer represents the light diffusivity. The subtraction of P rod by P Si-wafer with remaining scattering distribution accurately characterize the effect of surface multiple scattering on the reflected Haze ratio. According to the definition of (3), high Haze ratio indicates the increasing light diffusivity or the decreasing reflectance. With the enhanced nonlinear scattering by surface nanorods, a larger Haze ratio with its value gradually saturating at micrometer-long nanorod scale is obtained. Fig. 6 reveals that the reflected Haze ratio increases from 5% to 22% and from 3% to 21% with nanorod lengthening from 190 to 2760 nm under TE-and TM-mode incidences, respectively. The similar trend between scattering angle and reflected Haze ratio of laser beam nonlinearly scattered by lengthened Si nanorod is confirmed, which essentially provides a designer's rule to optimize the nanorod length property for compensating aforementioned effects with the degraded transparency simultaneously.
Field Polarization Factor of Laser Beam Nonlinearly Scattered From Nanorod Surface
On the other hand, the significant multiple scattering occurred at Si nanorod surface also induces a polarization scrambling effect on the reflected beam of a frequency-doubled Nd:YAG laser. The polarization scrambling by Si nanorod with different nanorod lengths is huge, compared with that by the flat Si substrate shown as a function of the rotating angle of analyzer in the polar-coordinate plots of Fig. 7(a) and (b) , and the field polarization factor of the samples with different nanorod lengths under TE-and TM-mode incidences are demonstrated in Fig. 7(c) . In comparison, the TE-mode incidence suffers a more serious polarization scrambling from the spatially confined nanorod top surface, whereas the TM-mode incident laser beam falls within the vertically aligned Si nanorod to slightly release the mixed substrate effect. In principle, either the multiple scattering or the multiple reflections from an inhomogeneous dielectric material can have a significant impact on the polarization scrambling effect [24] . This phenomenon can be analyzed by comparing the field polarization factor of the reflected laser beam, as defined by the ratio of the transferred polarized field to the original polarized field. By lengthening the nanorod length from 190 to 2760 nm, the field polarization factor gradually increases from 0.54 to 0.86 for the TE-mode incident laser beam and from 0.42 to 0.84 for the TM-mode incident laser beam.
Both the TE-and TM-mode laser incidences partially transfer into their orthogonally polarized components when suffering from the nonlinear scattering among Si nanorods, which detune a linearly polarized laser beam to an elliptically polarized one. The experimental observations indicate that the field polarization factor of the TE-mode laser incidence increases seriously than TM-mode laser incidence, which results from the direction of the electric field of TE-mode is perpendicular to the nanorod structure, hence experiencing a more roughened structure than TM-mode [22] . From the analytical results given by (1) and (2), it is evident that the surface nanorod corrugation induces an additional scattering term on the induced TM-mode reflection transfer from the original TE-mode with a proportionality to the second-order corrugation amplitude or the sequence of the maximum nanorod length. In comparison, the laser ellipsometry can also be used to analyze the ratio of reflection coefficient ðr TM =r TE Þ and the phase variation for those surface nanoroughened samples by using the following equation:
where E r and E in represent the electric field of the reflected wave and the incident wave. The ' and Á are measured to determine the ratio of reflection coefficient and the phase difference. For our sample with nanorod length of 190 nm, the ' and Á are determined as 55.63 and 173.55 , respectively. The phase difference can confirm that the reflected light is elliptically polarized [24] . To correlate with our experimental data, the field polarization factors under TE-and TM-mode incidences are taken into calculation. For TE-mode incidence, E TM;r =E TE;r ¼ 0:54 and E TE;in = E TM;in ¼ 2:02, ' 0 TE is 47. 46 . For TM-mode incidence, E TE;r =E TM;r ¼ 0:42 and E TM;in =E TE;in ¼ 2:04, ' 0 TM is 49. 23 . The deviation of the value results from the different polarizer used in the ellipsometry and our experimental setup, which changes the value of E TE;in =E TM;in . That is, the variation on the amplitude ratio of the orthogonally polarized components ðE TM;r =E TE;r Þ under different polarized incident wave can also be investigated from our analysis with changing polarization of incidence.
Comparison on Simulated and Experimental Field Polarization Factor
The roughened surface formed by Si nanorods would induce the perturbation on the electric field of the scattered laser beam. The depolarized reflection from such a roughened surface can be well described by extinction theory, providing the complex field polarization factor as a nonlinear function of surface corrugation in the relationship with the second-order expansion of the scattered field [18] . According to the theoretical model derived in the former section, the field polarization factor is verified to exhibit a saturation trend with nanorod lengthening up to 500 nm or longer. Fig. 8(a) and (b) are the comparisons between the simulation and the experimental field polarization factors under TE and TM-mode laser incidences, respectively. The simulation results correlate well with the experimental results, except that the deviation occurred at shorter nanorod length region. During the simulation of TE-mode laser incidence, the surface corrugation Z R is assumed to be the maximum nanorod length. However, the randomly distributed size of the self-aggregated Ag nanocatalyst [25] and the different dissolving rate of each etching pore have led to the nonuniform length and size distribution of Si nanorod, such that Z R should be modified by a factor which represents an average nanorod length taken into consideration of the real case. In addition, the Si nanorods is affected not only by the length but also by the area density of the Si nanorods under TE-mode illumination. The area density of the Si nanorods (number of nanorods per unit area) is decreased with increasing etching time in these samples. Since the self-aggregated Ag particles (the etching pore) at deeper region become larger to collapse the longer Si nanorods, which inevitably produce numerous vacancies among the Si nanorod array formed by lengthening the etching time. In experiment, the increase of the randomly collapsed regions result in a reduced area density of the Si nanorods when lengthening the etching time, which leads to a deviation between the experimental and simulating results. As shown in Fig. 8(a) , the experimental curve of the field polarization factor versus nanorod length gradually deviates from the simulation curve using the maximum surface corrugation Z R . The effective Z R for optimizing the TE-mode simulation is observed to decrease from 0.8 to 0.33 with concurrently increasing Si nanorod length and reducing area density. For example, four simulation curves are employed to show their coincidence with the experimental curve at different nanorod lengths. After modification, our simulations show good agreement with the experiments for samples with long Si nanorods by decreasing the surface corrugation. For the simulation under TM-mode laser incidence, the field polarization factor is strictly dependent on the incident angle of the laser beam. The polarization of TM-mode is located in the incidence plane in parallel with the orientation of the Si nanorods vertically aligned on the substrate surface. The simulation reveals that even a tiny incident angle variation of TM-mode incidence would greatly influence the interaction area of laser electric field and the Si nanorod surface. Fig. 1(b) elucidates that the experimental curve of the normalized field polarization factor can only be perfectly matched by our simulation with a slightly modification on the incidence angle from 19.5 to 21 . To further investigate the correlation of evolution of Haze ratio and polarization scrambling with the roughened surface induced multiple scattering, two diagrams shown in Fig. 9 have depicted the reflected Haze ratio and the field polarization factor as a function of the scattering angle. In Fig. 9(a) , it is straightforward that the reflected Haze ratio is linearly proportional with the broadened scattering angle. However, the field polarization factor of the reflected laser beam from the nanorod corrugated surface shows a gradually saturating effect at larger scattering angle. Therefore, both the Haze ratio and the polarization scrambling degree for the reflected laser beam from the Si nanorod surface show a good correlation with the surface nonlinear scattering effect. The quantitative analyses demonstrate that the Si nanorod surface would induce abundant multiple scattering and reflection, but a saturated polarization scrambling effect occurs after scattering from the longer Si nanorods. Both the simulation and the experimental data approach a maximum field polarization factor (i.e., the maximum polarization scrambling) under TE and TM-mode incidences, the existence of the asymptote can be determined by approaching the limit of (1) and (2), as follows:
According to the theoretical model, the linearly polarized laser incidence is perturbed by the roughened surface, the scattering field thus becomes the elliptically polarized one after interaction with the severely roughened surface. The maximum polarization scrambling occurs when the field polarization factor approaches 1, such that the reflected laser beam transfers the elliptical polarization to nearly circular polarization. By enlarging the value of Z R to infinity, the Z R term in (1) and (2) can be eliminated, which interprets that the field polarization factors under TE-and TM-mode laser incidences are independent with the surface nanorod corrugation when the nanorod exceeds over a critical length. This observation suggests an optimized length of more than 1 m for optimizing the surface nonlinear scattering induced Haze and polarization scrambling, since a longer nanorod will inevitably degrade the transmittance to compromise the antiglare and transparency of the nanorod corrugated surface [26] . In contrast, the field polarization factor linearly increases with enhanced surface corrugation sensitively when the nanorod is much shorter than a critical length of 500 nm. As a result, the scattering field of the reflected laser beam is presented in the second order of the strength of the surface corrugation, which simultaneously induces the beam broadening and the polarization scrambling effects to enhance the Haze ratio and the polarization scrambling on the incident laser beam with a saturating trend to the scattering angle.
Conclusion
In conclusion, we investigate the scattering angle, the Haze ratio, and the field polarization factor of the frequency-doubled Nd:YAG laser nonlinearly scattered by the semiconductor nanorod surface. Due to the surface corrugation-dependent nonlinear multiple scattering, both the scattering angle and the reflected Haze ratio of the laser beam reflected from the Si nanorod surface present a nonlinearly increasing trend with nanorod length. With the nanorod lengthening from 190 to 2760 nm, the maximum scattering angles broaden from 2.5 to 25 , and from 2.5 to 24 , the reflected Haze ratios increase from 5% to 22% and 3% to 21% under TE and TM-mode laser incidences, respectively. The reflected Haze ratio reveals a saturating trend with lengthening nanorod and exhibits a linear proportionality with the scattering angle. The theoretical calculation based on the Ewald-Oseen theory is used to quantitatively analyze the polarization scrambling effect of the reflected laser beam nonlinearly scattered by the Si nanorod surface. A significant polarization scrambling transfers the linearly polarized laser incidence into an elliptical polarization, and the corresponding field polarization factor nonlinearly increasing by lengthening nanorod is observed. By lengthening the nanorod from 190 to 2760 nm, the field polarization factor of a linearly polarized laser beam nonlinearly scattered from the Si nanorod surface increase from 0.54 to 0.86 and from 0.42 to 0.84 under TE and TM-mode laser incidences. The polarization of the reflected laser beam eventually transfers from linear to elliptical one after scattering by extremely long nanorod. The polarization scrambling effect of the scattered wave nonlinearly depends on the surface corrugation and can be expressed by the second-order function of the corrugation strength. The strong correlations of the TE-mode scattering with the nanorod length and the TM-mode scattering with the laser incident angle are observed. With a nanorod length exceeding over 1 m, both the theoretical simulation and experimental observation confirm that the polarization scrambling effect saturates as the reflected laser beam has became elliptically polarized with its field polarization factor approaching maximum. The optimized nanorod length is therefore confined within 0.5-1 m to compromise the scattering induced Haze ratio and the degraded transparency of the reflected laser beam.
